Life-cycle transitions connecting larval and juvenile stages in metazoans are orchestrated by neuroendocrine signals including neuropeptides and hormones. In marine invertebrate life cycles, which often consist of planktonic larval and benthic adult stages, settlement of the free-swimming larva to the sea floor in response to environmental cues is a key life cycle transition. Settlement is regulated by a specialized sensory-neurosecretory system, the larval apical organ. The neuroendocrine mechanisms through which the apical organ transduces environmental cues into behavioral responses during settlement are not yet understood. Here we show that myoinhibitory peptide (MIP)/allatostatin-B, a pleiotropic neuropeptide widespread among protostomes, regulates larval settlement in the marine annelid Platynereis dumerilii. MIP is expressed in chemosensory-neurosecretory cells in the annelid larval apical organ and signals to its receptor, an orthologue of the Drosophila sex peptide receptor, expressed in neighboring apical organ cells. We demonstrate by morpholino-mediated knockdown that MIP signals via this receptor to trigger settlement. These results reveal a role for a conserved MIP receptor-ligand pair in regulating marine annelid settlement.
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M
etazoan life cycles show great diversity in larval, juvenile, and adult forms, as well as in the timing and ecological context of the transitions between these forms. In many animal species, neuroendocrine signals involving hormones and neuropeptides regulate life cycle transitions (1-3). Environmental cues are often important instructors of the timing of life cycle transitions (4) , and can affect behavioral, physiological, or morphological change via neuroendocrine signaling (5) .
Marine invertebrate larval settlement is a prime example of the strong link between environmental cues and the timing of life-cycle transitions. Marine invertebrate life cycles often consist of a free-swimming (i.e., pelagic) larval stage that settles to the ocean floor and metamorphoses into a bottom-dwelling (i.e., benthic) juvenile (6) (7) (8) . In many invertebrate larvae, a pelagicbenthic transition is induced by chemical cues from the environment (9, 10) . Larval settlement commonly includes the cessation of swimming and the appearance of substrate exploratory behavior, including crawling on or attachment to the substrate (11) (12) (13) (14) . In diverse ciliated marine larvae (15), the apical organ, an anterior cluster of larval sensory neurons (16) with a strong neurosecretory character (17) (18) (19) (20) , has been implicated in the detection of cues for the initiation of larval settlement (21) . Although molecular markers of the apical organ have been described (22) (23) (24) , our knowledge of the neuroendocrine mechanisms with which apical organ cells transmit signals to initiate larval settlement behavior is incomplete.
Here, we identify a conserved myoinhibitory peptide (MIP)/ allatostatin-B receptor-ligand pair as a regulator of larval settlement behavior in the marine polychaete annelid Platynereis dumerilii. MIPs are pleiotropic neuropeptides (25) first described in insects as inhibitors of muscle contractions (26, 27) . In some insect species, MIPs modulate juvenile hormone (28) or ecdysone synthesis (29) , and are also referred to as allatostatin-B or prothoracicostatic peptide (30, 31) . These peptides are known to signal via a G protein-coupled receptor, the sex peptide receptor (SPR) (31, 32) . MIPs show sequence similarity to cnidarian GLWamides and belong to an ancestral eumetazoan Wamide family that also includes mollusk APGWamides and other peptides (33) . We found that Platynereis MIP is expressed in chemosensory-neurosecretory cells in the apical organ and triggers larval settlement behavior by signaling via an SPR orthologue expressed in adjacent apical organ cells. Our results identify a conserved neuropeptide receptorligand pair in the apical organ, which may transduce environmental signals to initiate settlement in a pelagic-benthic life cycle.
Results

MIP Triggers Larval Settlement in Platynereis.
Platynereis has a pelagic-benthic life cycle with a freely swimming ciliated larval stage that spends as long as several days in the plankton before transitioning to a benthic lifestyle (34, 35) . Searching for regulators of annelid settlement, we identified a neuropeptide, an orthologue of arthropod MIP (Fig. S1 A and B) , that efficiently triggers settlement of Platynereis larvae. The peptide is derived from a precursor protein that shows high sequence similarity to the MIP preprotein from the distantly related polychaete Capitella teleta (36, 37) and to MIP precursors from arthropods (also called allatostatin-B or prothoracicostatic peptide) (30) . The predicted mature protostome MIP peptides share a conserved W(X 5-8 )W sequence motif and are amidated (Fig. S1B) . We did not identify any MIP orthologue in deuterostomes.
Treatment of free-swimming Platynereis larvae in a vertical swimming assay (19) with synthetic Platynereis MIP peptide rapidly induced downward vertical movement in trochophore and nectochaete larval stages (Fig. 1A, Fig. S2 , and Movies S1, S2, and S3), an effect that could be reversed by washout (Fig. 1A) . Different versions of MIPs derived from the same Platynereis precursor protein, including a nonamidated MIP, also rapidly triggered larval sinking ( Fig. S2 A-E) . We focused on MIP7 in subsequent experiments because this peptide closely matches the consensus sequence derived from all Platynereis MIPs (Fig. S1 C and D) . Substitution of the last (W10A), but not the first (W2A), tryptophan residue to alanine rendered MIP7 inactive in the vertical swimming assay (Fig. 1A) . To understand the mechanism of downward movement, we analyzed the effects of MIP7 treatment on ciliary activity. MIP7 did not significantly alter the beat frequency of cilia (Fig. S2G ), but triggered long and frequent ciliary arrests in a concentration-dependent manner (Fig. 1B) . Close-up videos of 2-d-old larvae treated with MIP7 in the vertical column showed that the larvae were sinking with their anterior pointed upward (Movie S2). Larvae at age 3 d showed downward movement with their anterior pointed downward, implying more complex behavioral effects in older larvae (Movie S3).
After MIP7-treated larvae reached the bottom of the culture dish, they showed sustained exploratory crawling behavior, with frequent touching of the apical side to the substrate ( Fig. 1 C and D and Movies S4 and S5). Such substrate exploratory behavior could also be observed at low frequency for control larvae, with late nectochaete stages [5-6 d postfertilization (dpf)] showing a greater tendency to contact the substrate. MIP7 treatment strongly induced sustained substrate contact between 1 and 6 d of development (Fig.  1C) . Another Platynereis neuropeptide, AKYFLamide, which has previously been shown to trigger larval sinking (19) , was inactive in the crawling assay even after 90 min of incubation (Fig. 1D) . Overall, MIP treatment can rapidly induce two distinct behaviors in Platynereis larvae: (i) inhibition of cilia and cessation of swimming and (ii) crawling on the substrate, both considered hallmarks of marine invertebrate larval settlement (11) (12) (13) (14) . These results identify Platynereis MIP as a settlement-inducing neuropeptide.
MIP Is Expressed in Neurosecretory Annelid Apical Organ. Wholemount in situ hybridization on Platynereis larvae revealed MIP mRNA expression in sensory cells of the apical organ from 20 h postfertilization (hpf) on, as well as two pairs of cells in the trunk from 48 hpf on. The apical organ expression was observed in an increasing number of cells with age ( Fig. 2 A-D and Fig. S3 B-H). Immunostaining with a specific MIP antibody (Fig. S3A) showed that the axonal projections of these cells terminate in the apical nerve plexus ( Fig. 2 E and F) , a region of strong neurosecretory activity (18, 19) . By using the Platynereis MIP antibody or an antibody against the conserved C-amidated dipeptide VWamide that is strongly conserved in mollusks and annelids (Figs. S1B and S3A), we observed similar immunolabeling in sensory cells in the larval apical organ and in the nerve plexus of Capitella ( To confirm the neurosecretory nature of the MIP-expressing cells, we analyzed MIP coexpression with known neuroendocrine markers by using image registration of in situ hybridization scans to an average anatomical reference template (19, 38, 39) . We scanned, registered, and averaged at least five individual larvae per gene from whole-mount in situ hybridization samples. We analyzed the neurosecretory marker prohormone convertase prohormone convertase 2 (phc2) and the neuroendocrine transcription factors orthopedia (otp) (18) and dimmed (dimm) (Fig. S4 A-D) . In Drosophila, dimm directs the differentiation of neuroendocrine neurons and is coexpressed with MIP in the median brain (40, 41) . In vertebrates, otp is required for the terminal differentiation of hypothalamic neuropeptidergic neurons (42) . Image registration revealed that the average MIP signal colocalized with phc2, and partially overlapped with otp and dimm average gene expression patterns. Additionally, otp and dimm colocalized broadly in the Platynereis apical organ neurons ( Fig. S4 E-J). These results indicate that the MIP neurons are part of the neurosecretory apical organ.
Platynereis MIP Neurons Have Dual Chemosensory-Neurosecretory Function. To investigate the sensory modality of the MIP neurons, we performed dye-filling experiments on live 30-h-old Platynereis larvae. In nematodes, dye-filling is the exclusive property of chemosensory neurons (43) . Upon incubation of the larvae with fluorescent MitoTracker dye, we observed labeling of several flaskshaped neurons in the larval episphere, with long apical microvilli at the tip of their dendrites, including two prominent apical organ cells (Fig. 3 A and B) . Laser ablation of these two apical organ cells, followed by subsequent fixation and MIP immunostaining, identified the cells as the two median MIP sensory neurons (Fig. 3 A-D, arrowheads) . The dye-filling results together with the characteristic microvillar morphology of the MIP neurons suggest that these cells likely have a chemosensory function.
To further characterize the morphology of the MIP neurons in Platynereis at an ultrastructural level, we traced the entire volume of two MIP cells (Figs. 2 D and E and 3C, arrows) by using serialsectioning transmission EM (TEM). In a dataset of 664 ultrathin sections (50 nm), we identified these two ventral MIP neurons based on the position of their cell bodies relative to large adjacent secretory gland cells and the characteristic shape and position of their dendrites and axons ( Fig. S5 and Movies S6 and S7). Both identified neurons have a sensory dendrite with a cilium and long apical microvillar extensions surrounding the central cilium, characteristic of annelid chemosensory neurons (44) (Fig. 3E) . These extensions run at the basal side of the cuticle in a subcuticular Percentage of 1-, 2-, 5-, and 6-dpf larvae that showed sustained substrate contact after 2 min exposure to DMSO (control), 20 μM MIP7 (for 1 dpf and 2 dpf), or 50 μM MIP7 (for 5 dpf and 6 dpf; n = 4 repetitions with >30 larvae). (D) Percentage of larvae that showed sustained substrate contact after 90 min exposure to DMSO (control), AKYFLamide (FLa), and MIP7 [n = 10 repetitions with >30 larvae (50 hpf) each]. In A, the P values of an χ 2 test comparing the number of upward and downward swimming larvae are indicated as *P < 0.05 and ***P < 0.001. Data in B-D are shown as mean ± SEM. P values of an unpaired t test are indicated as *P < 0.05, **P < 0.01, and ***P < 0.001, with "ns" indicating P > 0.05.
space that is permeable to seawater. The axons project to the dense apical nerve plexus of the larva, where they branch extensively (Fig. 3 F and G and Movie S7). We observed that the branched axons are full of large dense-cored vesicles (Fig. 3H) , but are completely devoid of synapses that are typical for cells containing classical neurotransmitters (45) , indicating that these MIP chemosensory neurons signal exclusively via the release of neuropeptides.
Annelid MIP Peptides Signal via Conserved G Protein-Coupled Receptor.
In insects, MIP peptides signal via a G protein-coupled receptor, the SPR (31, 32) . We identified the orthologues of insect SPRs in Platynereis and Capitella (Fig. S6 ) and tested whether these receptors could be activated by annelid MIP peptides. Ligand stimulation in CHO cells expressing the respective Platynereis or Capitella receptor, a bioluminescent Ca 2+ reporter, and a promiscuous G protein (46, 47) showed that annelid MIP peptides are potent agonists for these receptors. Activation assays with increasing concentrations of ligand showed that Platynereis MIP activated the Platynereis receptor in the nanomolar range (EC 50 of 10 nM; Fig. 4A ). The activation was specific, as 12 other Platynereis neuropeptides (19, 45) did not activate the MIP receptor (Fig. 4B) . Consistently, Capitella MIP activated the Capitella SPR orthologue (Fig. 4D) . Substitution of the last, but not the first, tryptophan residue with alanine in the Platynereis and the Capitella synthetic peptides resulted in a loss of activity (Fig. 4 C and D) , indicating that the conserved C-terminal tryptophan residue is crucial for receptor activation. This result is consistent with our observations in the vertical swimming assays (compare with Fig. 1A) . We also found that MIP peptides from the two annelid species cross-activated the receptor from the other species (Fig. 4 C and D) .
By using mRNA in situ hybridization, we found that the MIPreceptor is expressed in cells of the Platynereis apical organ, interspersed between the MIP-expressing neurons with little overlap (Fig. 4 E and F) , as revealed by image registration. Average MIP-receptor expression also colocalizes with phc2, otp, and dimm average gene expression, indicating that these cells are also part of a neurosecretory apical organ system (Fig. S7) .
We next asked if the observed effects of synthetic MIP peptides on Platynereis larval settlement were caused by signaling via the MIP receptor. To test this, we knocked down the Platynereis receptor by microinjecting two different translation-blocking morpholinos (MOs) and a control mismatch MO into fertilized Platynereis eggs. In MIP-receptor-knockdown larvae, we no longer observed an effect of MIP peptide on ciliary closures in 2-d-old larvae, showing that MIP triggers settlement behavior by signaling via the MIP receptor (Fig. 4G) .
Discussion
MIP Orchestrates Platynereis Larval Settlement Behavior via Neuroendocrine Signaling in Apical Organ. Understanding the molecular machinery that operates within larval sensory structures is essential to our understanding of how the environment shapes larval behavior and development. The behavior evoked by synthetic MIP in Platynereis larvae mimics the settlement behavior described for other marine larvae upon encountering a natural inductive settlement cue (11) (12) (13) (14) , suggesting that MIP activates a behavioral program for settlement. In laboratory culture, in the apparent absence of a cue, Platynereis larvae gradually transition from a pelagic to a benthic lifestyle over a period of approximately 6 d (35). Our results suggest that, were favorable chemical cues encountered, larvae would be competent to transition to a benthic lifestyle at an earlier stage. This is supported by the early expression of the MIP precursor in sensory cells of the apical organ and the strong settlement-inducing effects of MIP from early larval stages on. In early larvae, MIP is exclusively expressed in the apical organ (Fig. S3B) ; therefore, by adding exogenous peptide, we likely mimic the endogenous release of MIP from these apical sensory cells following chemosensory stimulation. A direct demonstration of this model will require the identification of the currently unknown settlement-inducing chemicals for Platynereis and their chemoreceptors in the MIP cells, in combination with genetic manipulations to show a link among environmental chemical cues, chemoreceptors, and settlement.
The integrative nature of the settlement behaviors induced by MIP (sinking followed by substrate exploration) is characteristic of neuroendocrine signaling, which can act simultaneously on a number of neurons and genes within an organism (48, 49) . In Platynereis, several other neuropeptides are expressed in sensory neurons in the apical organ and regulate larval swimming depth during the pelagic phase of the life cycle (19) . MIP is unique among these neuropeptides in that it can trigger rapid sinking and substrate exploratory behavior. The expression of the MIP precursor broadens and MIP effects become more complex with age, implying an elaboration of MIP targets during development.
The chemosensory MIP cells in the apical organ are also neurosecretory, as they have high concentrations of dense core vesicles and express the neurosecretory cell markers phc2, otp, and dimm. These cells could directly release MIP upon sensory stimulation. The expression of the MIP-receptor in apical organ cells adjacent to the MIP cells indicates that there is peptidergic paracrine signaling between the MIP sensory neurons and the receptor-expressing cells. The settlement-inducing effects of MIP were blocked by the MO-mediated knockdown of the receptor, indicating that the MIP receptor is required for the orchestration Percentage of time in which cilia are closed in uninjected Platynereis larvae, and in MIP-receptor-mismatch (MM), MIP-receptor-start1 (start1), and MIP-receptorstart2 (start2) MO-injected larvae, exposed to 5 μM MIP7. In B-D, the positive control represents activation of a human G-protein coupled receptor 109a with 100 μM nicotinic acid. The values are shown as mean ± SEM (n = 3 measurements). In G, P values of an unpaired t test are indicated: ***P < 0.001 and "ns" represents P > 0.05; n > 10 larvae (48 hpf). (Scale bars: E, 50 μm; F, 20 μm.) of peptide-induced settlement behavior. The molecular fingerprint of the MIP-receptor-expressing neurons shows that these cells are also neurosecretory and may release downstream signaling molecules in a neuroendocrine cascade.
Wamide Signaling: Ancestral Component of Eumetazoan Anterior
Nervous System? The conservation of MIP and its receptor in Platynereis and Capitella indicates that MIP signaling is widespread among annelids. MIP is also present in other Lophotrochozoans (Fig. S1) (50, 51) . As for insects and annelids, the MIP receptor in the sea hare Aplysia californica is also an SPR orthologue (32) .
In annelids and insects, a prominent domain of MIP expression is in the most anterior neurosecretory region of the developing brain (30) , an area demarcated by the expression of the homeobox gene six3 (20) . The MIP neurons in annelids and insect also express dimm and phc2. These similarities identify the MIP neurons as a conserved neurosecretory cell type in the anterior protostome brain. Although MIP seems to have been lost along the deuterostome lineage, the coexpression of dimm and otp in the Platynereis apical organ also supports a link among insect, annelid, and vertebrate neuroendocrine centers (18, 52) .
Protostome MIPs belong to a diverse and ancient Wamide neuropeptide family that also includes cnidarian GLWamides (33) , inducers of cnidarian larval metamorphosis (53) (54) (55) . In cnidarians, GLWamides are expressed in sensory cells at the anterior pole of the larva (8, 56) . This anterior territory shares a conserved regulatory signature with apical organs in many bilaterian ciliated larvae (24, 57) . MIP and LWamide may thus represent a conserved effector gene in the neurosecretory anterior brain of cnidarians and protostomes. The role of MIP in annelid settlement and LWamide in cnidarian metamorphosis suggests that one of the ancestral functions of Wamides may have been the regulation of a life cycle transition.
Methods
Gene Identification. Platynereis genes were identified from expressed sequence tag (EST) sequences generated from a full-length normalized cDNA library from mixed larval stages. Capitella genes were identified at the Joint Genome Institute Genome Portal (58).
Behavioral Assays. Platynereis larvae were obtained from an in-house breeding culture, following a previous publication (59) . Vertical larval swimming and ciliary beating assays were performed and analyzed as previously described (19) .
The substrate-contact assay was carried out in Nunclon 24-well tissue culture dishes or in customized quartz cuvettes. We increased the peptide concentration for 5-dpf and 6-dpf larvae from 20 μM to 50 μM because, in later stages, penetration of peptides could be impaired as a result of a thickening of the outer larval cuticle. After peptide application, sustained contact of the larva with the bottom of the tissue-culture dish was scored. A larva was scored to show sustained substrate contact behavior if it was in contact with the bottom of the dish for at least 5 s (75 frames in a 15 framesper-second movie).
Antibodies and Tissue Staining. Rabbit antisera against Platynereis MIP7 and against the conserved C-terminal VWamide motif were affinity-purified by using the respective peptides coupled to a SulfoLink resin (Thermo Scientific) via an N-terminal Cys (CAWNKNSMRVWamide and CVWamide) as previously described (60) . In situ hybridization was performed as previously described (39) .
Dye Filling and Laser Ablation. MitoTracker red FM (50 μg; special packaging; Invitrogen) was freshly dissolved in 100 μL DMSO. The solution was added to 30-hpf larvae at 1:500 dilution and incubated for 1 h for optimal dye filling. Single larvae were mounted on a glass slide with two layers of adhesive tape on both sides in 20 μL natural seawater and covered with a coverslip to immobilize them. Dye-filled neurons were ablated on an Olympus FV1000 confocal microscope equipped with a 355 nm-pulsed laser (Teem Photonics) coupled via air and controlled by the SIM Scanner (Olympus). The ablated larvae were recovered, fixed at 48 or 52 hpf, and processed for anti-MIP immunostaining.
Light Microscopy and Image Registration. Confocal imaging was performed as previously described (19) . Image registration to a 48-hpf whole-body nuclear reference template and colocalization analysis were performed as previously described (39) .
TEM. Platynereis larvae (72 hpf) were frozen using a high-pressure freezer (BAL-TEC HPM 010; Balzers) and quickly transferred to liquid nitrogen. Frozen samples were treated with a substitution medium containing 2% (wt/vol) osmium tetroxide in acetone and 0.5% uranyl acetate in a cryosubstitution unit (EM AFS-2; Leica). The samples were cryosubstituted through gradually rising temperatures and embedded in Epon. Serial sections were cut at 50 nm on a Reichert Jung Ultracut E microtome and collected on single-slotted copper grids (NOTSCH-NUM 2 × 1 mm; Science Service) with Formvar support film, contrasted with uranyl acetate and Reynolds lead citrate, and carbon-coated to stabilize the film. Imaging of one specimen (Platynereis-72-HT-9-3) was performed at a pixel size of 3.87 nm on a TECNAI Spirit transmission electron microscope (FEI) equipped with an UltraScan 4000 4 × 4 k camera by using Digital Micrograph (Gatan) Stitching and alignment were done by using TrakEM2 (61) . All structures were segmented manually as area lists, which were exported into 3Dviewer and Imaris.
Receptor Deorphanization. Platynereis and Capitella SPR orthologues were cloned into a pcDNA3.1+ vector (Invitrogen) with HindIII and NotI. The Platynereis receptor was PCR-amplified from larval cDNA by using the primers 5′-ACAATAAAGCTTGCCACCATGATGGAAGTAAGCTATTCAAATGGAAATG (including HindIII site and Kozak consensus) and 5′-ACAATAGCGGCC-GCTTAAATATTTGTAGTTTTAGTCGTGTGATCG (including NotI site), and the Capitella receptor clone used was a synthetic construct (GenScript). CHO-K1 cells stably expressing a calcium-sensitive bioluminescent fusion protein were transfected, and receptor activation was measured. Measurements were performed by using a fluorescent plate reader. The area under each calcium transient (measured for 1 min) was calculated by using Ascent software (Thermo Electron) and expressed as integrated luminescence units (relative units).
MO Injection. For microinjections, fertilized Platynereis eggs developing at 16°C were rinsed approximately 1 h after fertilization with sterile filtered seawater in a 100-μm sieve to remove the egg jelly, followed by treatment with 70 μg/mL proteinase K for 1 min to soften the vitellin envelope. Injections were carried out by using Femtotip II needles with a FemtoJet microinjector (Eppendorf) on a Zeiss Axiovert 40 CL inverted microscope equipped with a Luigs and Neumann micromanipulator. The temperature of the developing zygotes was maintained at 16°C throughout injection by using a Luigs and Neumann Badcontroller V cooling system and a Cyclo 2 water pump (Roth).
Two translation-blocking MOs and one corresponding 5-bp mismatch control MO were designed to target the Platynereis MIP-receptor gene. MOs with the following sequences were purchased from Gene Tools: MIPreceptor-start1, TCCATCATTTTGAATGTTGAATGCA; MIP-receptor-mismatch, TCCATGATTTTCAATCTTCAATCCA; and MIP-receptor-start2, GTCAATGAGGTC-ACAAACATCCAAC. Nucleotides complementary to the start codon (ATG) are underlined; nucleotides altered in mismatch control MOs are denoted by boldface italics.
MOs were diluted in water with 12 μg/μL fluorescein dextran (M r of 10,000 dalton; Invitrogen) as a fluorescent tracer. MOs (0.6 mM) were injected with an injection pressure of 600 hPa for 0.1 s and a compensation pressure of 35 hPa. Injected zygotes were kept in Nunclon six-well plates in 10 mL filtered seawater, and their development was monitored daily. Injected larvae at 48 hpf were used for ciliary resting measurements in the presence of 5 μM synthetic MIP7 peptide or DMSO as control.
